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Significance and novelty: Durum	wheat	production	and	consumption	will	in-
crease	 as	 bread	 quality	 improves.	 The	 functional	 Gpc- B1	 allele	 contributed	 to	
improved	 breadmaking	 quality.	 The	 present	 report	 is	 the	 first	 to	 examine	 the	
effect	of	this	allele	on	breadmaking	in	durum	wheat.
K E Y W O R D S
bread	baking	quality,	dough	strength,	durum	wheat,	gluten,	grain	protein	content	(Gpc),	soft	
kernel
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1 |  INTRODUCTION
Protein	 content	 (concentration)	 is	 an	 essential	 quality-	
determining	 factor	 in	 wheat	 (Triticum	 sp.)	 grain	 and	
flour	utilization.	Protein	content	 is	highly	 influenced	by	
weather,	 soil	 nutrients,	 and	 agronomic	 management.	
Nevertheless,	 protein	 content	 can	 be	 increased	 through	
phenotypic	 selection	 among	 wheat	 breeding	 lines	 and	
germplasm.	However,	 few	major	protein-	controlling	 loci	
have	been	identified.	In	this	regard,	Avivi	(1978)	reported	
that	 wild	 emmer	 (T.  turgidum	 subsp.	 dicoccoides)	 (here-
after	dicoccoides)	had	exceptionally	high	protein,	higher	






of	 chromosome	disomic	 substitution	 lines	 in	 the	durum	
cultivar	 cv.	 “Langdon”	 (LDN).	 The	 6B	 dicoccoides	 sub-
stitution	 line	 (LDN[DIC-	6B])	 had	 the	 highest	 grain	 pro-
tein	of	any	of	the	substitution	lines	and	was	significantly	
higher	 than	 Langdon	 (179.5	 versus	 167.9  g/kg,	 respec-
tively).	In	a	follow-	up	study,	LDN(DIC-	6B)	sib	lines	had	a	
mean	grain	protein	content	of	174.9 g/kg	versus	161.7 g/
kg	 for	Langdon.	Further,	 this	grain	protein	 increase	was	
associated	 with	 an	 increase	 in	 semolina	 protein	 content	
of	 16.2  g/kg.	 The	 LDN(DIC-	6B)	 lines	 had	 higher	 10-	g	
Mixograph	 scores	 and	 superior	 spaghetti	 quality.	 Steiger	
et  al.  (1996)	 used	 the	 LDN(DIC-	6B)	 line	 of	 Joppa	 and	
Cantrell	(1990)	to	develop	a	recombinant	population	with	
the	 durum	 cv.	 Vic.	 The	 LDN(DIC-	6B)/Vic	 population	
had	 significantly	 higher	 mean	 protein	 than	 the	 control	
Langdon/Vic	population	(159.0	versus	155.6 g kg	−1).	SDS	
sedimentation	 volumes,	 however,	 did	 not	 differ.	 Kovacs	
et  al.  (1998)	 also	 used	 the	 LDN(DIC-	6B)	 line	 of	 Joppa	
and	Cantrell	(1990)	to	develop	a	recombinant	population	
with	 the	 recurrent	 Canadian	 durum	 parent	 “DT367.”	 In	
general,	 BC2-	derived	 lines	 were	 higher	 in	 protein	 than	
DT367	and	had	higher	SDS	sedimentation	values,	higher	




dicoccoides	 lines	 PI	 481,521	 and	 PI	 478,742	 (LDN521	
and	 LDN742,	 respectively).	 Of	 the	 three,	 LDN(DIC-	6B)	
and	LDN742	had	significantly	higher	grain	and	semolina	
protein	 content	 than	 Langdon,	 while	 only	 LDN742	 had	
a	 better	 (higher)	 Mixograph	 score.	 Grain	 protein	 differ-
ences	compared	with	Langdon	ranged	from	−0.1	(ns)	 to	
20.2 g/kg	(p < .05).	Molecular	marker	analysis	indicated	
that	 LDN742	 carried	 the	 Grain protein content- B1	 (Gpc- 
B1)	 alleles	 such	 as	 LDN(DIC-	6B)	 whereas	 LDN521	 did	
not	 (Langdon	 allele).	 Molecular	 marker	 analysis	 of	 par-
ents	PI	481521	and	PI	478742	 for	Gpc- B1	was	consistent	
with	 these	results.	 In	Ohm	et al.  (2010),	 the	dicoccoides	
chromosome	 6B	 in	 LDN(DIC-	6B)	 and	 LDN742	 was	 as-
sociated	 with	 greater	 quantity	 of	 size-	exclusion	 HPLC	
fractions	 comprised	 of	 high-	molecular-	weight	 polymeric	
protein	 and	 ω-	gliadins	 compared	 with	 Langdon,	 and	
higher	 Mixograph	 scores.	 Brevis	 and	 Dubcovsky	 (2010)	











protein	 content	 and	 wet	 gluten,	 longer	 Mixograph	 mix-
ing	 time	 and	 peak	 height,	 and	 improved	 spaghetti	 qual-
ity.	 Salmanowicz	 et  al.  (2017)	 used	 the	 LDN(DIC-	6B)	
line	 of	 Joppa	 and	 Cantrell	 (1990)	 and	 compared	 it	 to	
Langdon	 over	 three	 environments:	 N	 deficit,	 water	 defi-
cit,	 and	 control.	 The	 grain	 protein	 content,	 wet	 gluten,	
and	Zeleny	sedimentation	volume	of	LDN(DIC-	6B)	were	





environments.	Tab bita	et al.  (2017)	 reviewed	25	 studies	
involving	 Gpc- B1	 conducted	 over	 10  years.	 In	 all	 eleven	
studies	 comparing	 grain	 protein	 content,	 the	 functional	








No	 study	 to	 date	 has	 examined	 the	 effect	 of	 Gpc- B1	
on	 breadmaking	 in	 durum	 wheat.	This	 is	 likely	 because	
first,	most	durum	utilization	is	focused	on	pasta,	and	sec-
ondly,	that	durum	has	not	been	viewed	as	having	gluten	
properties	 well	 suited	 for	 bread	 (Morris,  2021).	This	 lat-
ter	 view	 is	 not	 entirely	 borne	 out	 by	 research	 (Ammar	
et  al.,  2000;	 Edwards	 et  al.,  2007;	 Hernández-	Espinosa	
et  al.,  2019;	 Murray	 et  al.,  2017).	 A	 secondary	 factor	 in-
fluencing	 the	 lack	 of	 research	 on	 the	 effect	 of	 Gpc- B1	
on	 the	breadmaking	quality	of	durum	wheat	 is	 the	very	
hard	kernel	of	durum.	The	hard	kernel	texture	of	durum	
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precludes	milling	durum	grain	into	flour	without	an	un-
acceptably	high	increase	in	starch	damage	and	a	marked	
increase	 in	 dough	 water	 absorption	 (Dexter	 et  al.,  1981;	
Murray	et al., 2016).	However,	with	the	advent	of	soft	ker-
nel	durum	wheat	(Morris	et al., 2011),	 this	confounding	
issue	 has	 been	 eliminated	 (Boehm	 et  al.,  2017a;	 Murray	
et  al.,  2017).	 Here,	 we	 examine	 the	 effects	 of	 the	 intro-
gression	of	the	functional	allele	of	Gpc- B1	into	soft	durum	
wheat	 grain,	 milling,	 flour,	 dough,	 and	 breadmaking	
quality.
2 |  MATERIALS AND METHODS
“Soft	Svevo”	(Morris	et al., 2011)	was	crossed	with	Desert	
King-	High	 Protein	 (Desert	 King	 HP,	 PVPP	 201000585)	
(experimental	 line	 UC1627,	 pedigree	 UC1113-	GPV(PI	
638741)/6*Desert	King),	which	carries	 the	Gpc- B1	 func-
tional	 allele	 derived	 from	 wild	 emmer	 (dicoccoides).	 In	
2016,	the	progeny	(F4:6)	RILs	were	grown	as	single	rows	
at	 Yuma,	 AZ,	 and	 at	 the	 Washington	 State	 University	
Dryland	Research	Station	near	Lind,	WA,	and	in	2017	at	
the	 Spillman	 Agronomy	 Farm	 near	 Pullman,	 WA.	 The	


































Mixograph	 parameters	 provided	 an	 assessment	 of	








height	of	 the	curve	at	 this	point	 is	 the	“Mixograph	peak	
height.”	“Mixograph	work”	is	the	integration	of	the	area	
under	 the	 midline	 of	 the	 mixing	 curve	 from	 time	 zero	
to	 the	peak.	Lastly,	“Mixograph	curve	width	2 min	after	
peak”	 is	 self-	explanatory	 and	 is	 related	 to	 resistance	 to	
overmixing.	 Mixograph	 parameters	 were	 determined	
using	the	Mixsmart	software	(Mixsmart	for	Windows	ver-
sion	1.0.404,	Lincoln,	NE).




term.	 Statistical	 significance	 of	 whole	 models	 and	 com-
ponents	thereof	were	evaluated	using	the	F	 test	at	alpha	
=0.05.	 Individual	 recombinant	 inbred	 lines	 represented	
replicates.	 Trait	 means	 were	 calculated	 for	 each	 allele	
group	 and	 tested	 for	 significance	 using	 the	 least	 signifi-
cant	difference	(alpha	=0.05).






of	 Gpc- B1	 on	grain	quality,	 the	protein	content	of	grain	
and	flour,	milling,	flour,	dough,	and	breadmaking	quality	
of	soft	durum.	Soft	Svevo	carries	the	nonfunctional	allele	
of	Gpc- B1	 (hereafter	referred	to	as	Gpc- B1-	minus).	After	
the	 initial	 cross	 was	 made,	 only	 soft-	textured	 kernels	
were	selected,	that	is,	those	that	carried	the	puroindoline-	











R2	 values	 of	 0.79–	0.84.	 Other	 traits	 were	 modeled	 less	
well,	 although	all	models	had	significant	whole	model	
F-	values.	 Gpc- B1	 allele	 status	 was	 significant	 for	 test	



















Whole	model	R2 0.84 0.30 0.79 0.30 0.35 0.21 0.30
Whole	model	F	value 140.8*** 14.9*** 133.6*** 11.0*** 14.3*** 9.1*** 14.8***
Gpc- B1 F	value 328.5*** 15.4*** 92.1*** 0.17 0.54 12.3*** 15.1***
Location	F	value 146.9*** 28.7*** 308.6*** 23.2*** 33.2*** 8.2** 29.2***
Gpc- B1	*	location	F	value 10.5*** 0.02 2.5 4.7* 5.4** 4.7* 0.0
*0.05–	0.01.;	**0.01–	0.001.;	***<0.001.





















Whole	model	R2 0.84 0.61 0.43 0.47 0.40 0.32 0.40
Whole	model	F	value 139.6*** 39.3*** 19.9*** 23.2*** 17.2*** 11.2*** 12.8***
Gpc- B1 F	value 122.7*** 26.9*** 7.9** 18.0*** 6.1* 24.1*** 6.3*
Location	F	value 267.6*** 83.9*** 41.7*** 35.5*** 37.4*** 11.2*** 28.1***
Gpc- B1	*	location	F	
value
4.5* 1.8 1.5 10.2*** 0.5 2.6 0.46
*0.05–	0.01.;	**0.01–	0.001.;	***<0.001.


















Gpc- B1	plus 76.5 24.3 160 644 426 67.3 5.5
Gpc- B1	
minus
79.3 20.1 145 647 427 70.3 5.1
LSD 0.3 2.1 3 NS NS 1.7 0.2
Lind 77.5 24.8 165 643 426 67.6 5.5
Spillman 77.4 19.1 138 635 407 70.3 5.0
Yuma 80.5 NA NA 671 463 NA NA
LSD 0.4 2.1 3 10 14 1.7 0.2
Note: SKCS	hardness,	wheat	protein,	milling	score,	and	flour	ash	from	only	2017.
Abbreviations:	NA,	not	available;	NS,	not	significant.
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influenced	by	Gpc- B1	allele.	Nevertheless,	location	was	
almost	 always	 a	 more	 influential	 source	 of	 variation	
compared	with	Gpc- B1	allele.	The	only	exceptions	were	
test	 weight,	 milling	 score,	 and	 Mixograph	 curve	 width	
2 min	after	peak.	There	were	interactions	between	Gpc- 












of	RILs	with	and	without	 the	 functional	Gpc- B1	allele,	
and	 for	 the	 three	 growing	 environments.	 The	 Gpc- B1-	
plus	 lines	 had	 lower	 test	 weight	 and	 harder	 textured	
kernels.	 Joppa	 et  al.  (1991)	 reported	 a	 significant	 re-


















ash	content.	Ohm	et al.  (2010)	 similarly	 found	no	effect	
of	6B	on	semolina	yield,	but	semolina	ash	was	higher	in	
the	 Gpc- B1-	plus	 lines.	 Brevis	 et  al.  (2010)	 also	 reported	
increased	 semolina	 ash	 for	 Gpc- B1-	plus	 recombinants.	
In	 the	 present	 study,	 flour	 ash	 content	 was	 significantly	
higher	in	the	Gpc- B1-	plus	lines	(Table 3).	Milling	score,	a	
composite	score	that	includes	flour	ash,	was	significantly	
lower	 for	 the	Gpc- B1-	plus	 lines,	 likely	due	 to	 the	higher	
flour	ash.
Flour	protein	content	paralleled	grain	protein	closely	
(Tables  3	 and	 4),	 with	 greater	 mean	 flour	 protein	 levels	
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SDS	 sedimentation	 volume	 has	 long	 been	 used	 as	 a	







volume.	 Steiger	 et  al.  (1996)	 found	 no	 significant	 differ-
ence	between	sets	of	progeny	comparing	LDN(DIC-	6B)/
Vic	and	control	Langdon/Vic.	Kovacs	et al. (1998)	stated	
that	 the	 average	 sedimentation	 volume	 of	 BC2	 recombi-
nant	 lines	 with	 Gpc- B1-	plus	 was	 greater	 than	 the	 recur-
rent	durum	parent.
Dough	 mixing	 strength	 was	 generally	 greater	 in	 the	
Gpc- B1-	plus	RILs	compared	with	the	Gpc- B1-	minus	lines	
as	 evidenced	 by	 an	 increased	 Mixograph	 time	 to	 peak,	
Mixograph	peak	height,	and	Mixograph	curve	width	2 min	
after	 peak	 (Table  4).	 This	 difference	 in	 mixing	 strength	
was	particularly	prominent	in	the	curve	width	2 min	after	
peak.	There	was	a	2.3	unit	greater	Mixograph	curve	width	
2  min	 after	 peak	 indicating	 greater	 resistance	 to	 over-







some	 increased	 Mixograph	 score,	 whereas	 Klindworth	
et al. (2009)	and	Ohm	et al. (2010)	found	that	two	differ-




recombinant	 lines	 with	 Gpc- B1-	plus	 was	 greater	 than	
the	recurrent	durum	parent.	Brevis	et al. (2010)	reported	
an	 increase	of	0.3 min	 (12%)	 in	Mixograph	peak	mixing	
time	 and	 a	 similar	 13%	 increase	 in	 peak	 height	 due	 to	
Gpc- B1-	plus.
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each	 Gpc- B1	 allele	 class.	 Indeed,	 this	 within-	allele	 vari-
ation	 was	 greater	 than	 the	 effect	 of	 Gpc- B1	 allele	 alone.	
Nevertheless,	Gpc- B1	did	contribute	 in	a	positive	way	 to	







durum	 wheat.	 More	 generally,	 breadmaking	 studies	 in	
durum	wheat	are	limited	(Boehm	et al., 2017b;	Kiszonas	
et  al.,  2021;	 Morris,  2021;	 Morris	 et  al.,  2015;	 Murray	
et  al.,  2017).	 Clearly,	 by	 referring	 to	 the	 Mixograms	
(Figure 1)	and	the	corresponding	bread	loaf	volumes	(see	
figure	caption),	 there	 is	considerable	contribution	of	 the	
parent,	 with	 DKHP	 providing	 superior	 breadmaking	 al-
leles	(probably	high	and	low	molecular	weight	glutenins)	





a	at	 Glu- B3	 (Magallanes-	López	et al.,  2017).	 Irrespective	
of	kernel	texture	(very	hard	or	soft	kernel),	there	are	dra-






Ohm	 et  al.  (2010)	 indicated	 that	 the	 increased	 protein	
content	associated	with	the	Gpc- B1	dicoccoides	6B	chromo-
some	was	related	to	increases	in	HPLC	fractions	described	
as	 high-	 and	 low-	molecular-	weight	 polymeric	 proteins,	
and	α-	,	β-	,	γ-	,	and	ω-	gliadins,	both	in	the	SDS	soluble	and	
insoluble	 fractions.	 This	 general	 broad-	spectrum	 increase	
in	 proteins	 representing	 a	 large	 number	 of	 genes	 is	 likely	
due	 to	 the	 transcriptional	 regulation	 of	 the	 underlying	
TtNAM- B1	 (Triticum turgidum No Apical Meristem)	 gene	
(Uauy	 et  al.,  2006).	 Although	 not	 measured	 here,	 Brevis	
et al.  (2010)	observed	 increased	wet	gluten	but	not	gluten	
index	 with	 Gpc- B1-	plus	 plants.	 Salmanowicz	 et  al.  (2017)	
also	 observed	 an	 increase	 in	 wet	 gluten	 across	 three	 con-
trasting	environments	with	the	functional	Gpc- B1	allele.
Briefly,	 the	 environments	 used	 here,	 although	 mark-
edly	different,	all	produced	consistent	responses	from	Gpc- 






differences	 were	 evident	 in	 the	 flour	 protein	 content,	
which	 decreased	 with	 increasing	 water	 availability.	 Test	
weight	was	greatest	at	Yuma,	which	corresponded	to	the	










Despite	 the	 fact	 that	 the	 Gpc- B1-	plus	 lines	 had	 over-
all	 better	 dough	 mixing	 characteristics,	 they	 still	 would	
not	 be	 considered	 adequate	 when	 compared	 to	 a	 typical	
US	 hard	 red	 spring	 wheat	 variety	 used	 for	 making	 bread	
(Morris, 2021;	Murray	et al., 2017).	Under	the	exact	same	





indicates	 that	 introgression	 of	 Glu- D1	 Dx2+Dy12	 high-	
molecular-	weight	 glutenins	 can	 markedly	 improve	 bread-
making	performance.	It	will	be	of	considerable	interest	to	
combine	the	Gpc- B1-	plus	allele	with	Glu- D1	Dx2+Dy12,	in	
the	 presence	 of	 soft	 kernel	 texture	 (Pina- D1a/Pinb- D1a).	
We	are	also	evaluating	 the	effects	of	Glu- B1al	 (Bx7OE)	on	
dough	rheology	and	breadmaking	performance.
4 |  CONCLUSIONS
Overall,	 there	 were	 some	 advantages	 to	 the	 introgression	
of	the	functional	dicoccoides	Gpc- B1	allele	into	soft	durum.	
Grain	 and	 flour	 protein	 contents	 were	 increased,	 dough	
mixing	 strength	 was	 increased,	 and	 bread	 loaf	 volumes	
increased.	 However,	 test	 weight	 decreased	 and	 flour	 ash	
increased.	This	 introgression	was	not	 sufficient	 to	elevate	
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